CIITA is the master regulator of class II major histocompatibility complex gene expression. We present evidence that CIITA can self-associate via two domains: the C terminus (amino acids 700 to 1130) and the GTP-binding domain (amino acids 336 to 702). Heterotypic and homotypic interactions are observed between these two regions. Deletions within the GTP-binding domain that reduce GTP-binding and transactivation function also reduce self-association. In addition, two leucine residues in the C-terminal leucine-rich repeat region are critical for self-association as well as function. This study reveals for the first time a complex pattern of CIITA self-association. These interactions are discussed with regard to the apoptosis signaling proteins, Apaf-1 and Nod1, which share domain arrangements similar to those of CIITA.
Major histocompatibility complex (MHC) class II proteins play a critical role in the initiation of immune responses by presenting peptides from exogenous antigens to T-helper lymphocytes (11, 48) . The expression of MHC class II genes is restricted to specific cell types with constitutive expression in B lymphocytes and dendritic cells. In addition, a variety of cell types can be induced to express MHC class II by the proinflammatory cytokine gamma interferon.
The cis-acting elements and the DNA-binding transcription factors that regulate MHC class II expression have been extensively characterized (6, 20) . MHC class II gene promoters all contain a well-conserved tripartite arrangement of S, X, and Y sequence elements. The X box can be subdivided into X1 and X2 elements. The class II X1 box binding factor, RFX, has been shown to be defective in a rare immune deficiency, bare lymphocyte syndrome (BLS) (38, 50) . Genetic complementation of the defects in these cells resulted in the identification of the components for this DNA-binding transcription factor. RFX is composed of three subunits: RFX5 (56) , RFXAP (17) , and RFX-B (RFXANK) (43, 46) . The X2 element binding protein has recently been identified as CREB (45) . While the X box is uniquely present in MHC class II promoters, the Y box is a CCAAT box that is present in a large number of eukaryotic promoters (9, 41) . This site is bound by yet another heterotrimeric factor, NF-Y (40, 52) .
Although the transcription factors that bind the class II boxes are required for the expression of MHC class II genes, their presence alone is not sufficient for transcriptional activation. A major breakthrough in understanding MHC class II gene expression was provided by complementation studies using the mutant cell line, RJ2.25 (1, 57) . The initial isolation of the CIITA cDNA revealed a large protein with an open reading frame encoding 1,130 amino acids (57) . CIITA is sufficient for induction of MHC class II gene expression when introduced into cells (10, 14, 58) . In certain cases it also has been implicated in the upregulation of MHC class I transcription (21, 42) . The N terminus of CIITA contains an acidic domain that can activate transcription when fused to the DNA-binding domain of GAL4 (51, 64) . However, CIITA has not been demonstrated to possess any DNA-binding activity. To date, a number of proteins have been described that interact with the amino-terminal sequences of CIITA, including CBP, PCAF, TFIID components, and P-TEFb (18, 19, 31, 36, 39, 54) . More recently, it has been shown that CIITA can directly bind to DNA-binding proteins which recognize the MHC class II promoter, including NF-YB, NF-YC, RFX-5, RFX-B (RFX-ANK), and CREB (16, 22, 65) . CIITA interactions are also observed when these factors are organized into an MHC class II promoter-bound enhanceosome complex (44) . These interactions support the model of CIITA functioning as a coactivator for MHC class II promoters.
CIITA also has some features unique for a transcriptional activator (24) . CIITA was recognized to have sequence similarities to GTP-binding proteins (13) , and subsequently CIITA has been demonstrated to be a GTP-binding protein (23) . Mutation of the consensus GTP-binding motifs results in loss of function and the accumulation of CIITA in the cytoplasm. A variety of mutations in the C terminus of CIITA have been described in several BLS patient cell lines, underscoring the functional importance of this region (5, 49, 57) . In one of these cell lines, defective splicing results in deletion of an exon containing a nuclear import sequence. This results in loss of transactivation and the cytoplasmic localization of CIITA (15) .
In this study, we describe the self-association of CIITA. This self-association is complex and involves at least two types of interactions mediated by the peptide sequences within the GTP-binding domain of CIITA and the C terminus (amino acids 700 to 1130), which includes the leucine-rich repeats (LRR). The former is able to interact both with itself and with the LRR contained in the C terminus, while the C terminus also self-associates. Thus, multiple intermolecular, as well as intramolecular, interactions may occur. We discuss the similarities of this interaction with those displayed by Apaf-1 and Nod1, both mediators of apoptosis. CIITA serves a drastically different function as a transcriptional activator and represents the first of its kind to self-associate via a similar mechanism. The significance is discussed in the context of an emerging family of nucleotide-binding domain and LRR domain containing mammalian proteins that display similarity to CIITA. expression vector. To generate myc-tagged GTP1⌬, GTP2⌬, and GTP3⌬ mutants, NotI inserts encoding the mutation were ligated to NotI-digested and dephosphorylated myc-CIITA. All constructs were verified by sequence analysis. The pcDNA3 expression vector for FLAG-tagged murine p38 was provided by Lee Madrid (laboratory of Albert Baldwin).
Immunoprecipitation and Western blotting. COS-7 cells were split 2 ϫ 10 5 cells per well in six-well plates the evening before transfection. Cells were transfected with 500 ng of each expression vector using Fugene 6 (Roche Molecular Biochemicals, Indianapolis, Ind.) according to the standard protocol. At 30 h after transfection, the cells were washed twice with cold phosphate-buffered saline and lysed on the plate with 700 l of radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris, pH 7.4; 200 mM NaCl; 1% Nonidet P-40 ; 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 5 mM EDTA, 1 mM dithiothreitol) supplemented with protease inhibitors (Complete EDTAfree; Roche). After centrifugation, 600 l of the supernatant was transferred to a separate Eppendorf tube and incubated with 1 g of anti-myc 9E10 or antiXpress antibody (Invitrogen) for 1 h at 4°C. Then, 5 l of prewashed goat anti-mouse M-450 Dynabeads (Dynal, Oslo, Norway) was added, and the complexes were incubated with rotation for 3 h at 4°C. The complexes were washed three times for 10 min each using 500 l of the lysis buffer. Immunoprecipitated protein was denatured using Laemmli buffer, and the samples were subjected to SDS-polyacrylamide gel electrophoresis. The gels were transferred to nitrocellulose for 1 h at 100 V. For experiments using the FLAG-C2 939-1130 expression vectors polyvinylidene difluoride (Immobilon P; Millipore, Bedford, Mass.) was used, and SDS was omitted from the transfer buffer. The membranes were blocked using 5% milk in Tris-buffered saline-Tween (10 mM Tris, pH 8.0; 150 mM NaCl; 0.05% Tween 20) for 1 h. For detection of FLAG-tagged proteins, anti-FLAG M5 was used (Sigma, St. Louis, Mo.). For detection of mycand Xpress-tagged proteins in immunoprecipitated complexes, one-quarter of the denatured protein was run on a separate gel and blotted independently of the FLAG-tagged proteins. For detection of myc-tagged proteins, anti-myc 9E10 was used. Secondary detection of the bound primary antibody utilized horseradish peroxidase (HRP)-conjugated goat anti-mouse heavy-and light-chain ()-specific antibodies from Southern Biotechnology (Birmingham, Ala.). HRP detection was performed using Supersignal West Pico Chemiluminescent substrate (Pierce, Rockford, Ill.). In vitro translation. Plasmids were transcribed and translated in vitro using the TNT T7 Kit (Promega, Madison, Wis.). For each reaction, 1 g of each indicated plasmid was incubated with 40 l of the reticulocyte lysate in the presence of 2 l of [
35 S]methionine for 90 min at 30°C. Then, 1 l of the reaction was withheld for detection of the input protein, and the remainder of the reaction was split equally into 500 l of NP-40 buffer (10 mM Tris, pH 7.4; 140 mM KCl; 20 mM NaCl; 5 mM EDTA; 1% NP-40) and into the same volume of COS-7 cell lysate prepared using the same buffer. Immunoprecipitations were performed using 1.5 g of the anti-Xpress antibody according to the procedure described above.
Luciferase assays. HeLa cells were split 2 ϫ 10 5 cells per well in six-well plates the evening before transfection. A total of 1 g of each CIITA expression vector was cotransfected with 1 g of pGL2-DRA 300 (23) . Cells were harvested using reporter lysis buffer (Promega) 18 h after transfection. Luciferase activity was normalized to lysate protein content using the Bio-Rad protein assay.
RESULTS
CIITA self-association can be detected in cells but not using in vitro-translated mixtures. Previous analysis of CIITA indicated that certain mutants had the ability to antagonize wildtype CIITA in a dominant-negative fashion (12, 13) . In order to test the hypothesis that this inhibition could be mediated through dimerization of CIITA, COS-7 cells were cotransfected with expression vectors for CIITA tagged with both myc and FLAG epitopes. Cell lysates were prepared using RIPA buffer and immunoprecipitated with anti-myc antibody. Western blots were performed to detect coimmunoprecipitation of the FLAG-tagged CIITA protein. FLAG-CIITA coimmunoprecipitated with myc-CIITA (Fig. 1A, lane 3) . Immunoprecipitation with an isotype control, immunoglobulin G1 (IgG1), did not pull down either myc-CIITA or FLAG-CIITA (Fig.  1A, lane 2) . As a negative control, an unrelated protein, p38, also failed to coimmunoprecipitate with CIITA (Fig. 1A, lane  4) . In addition, we have previously shown that CIITA does not interact with NF-YA (65) . Similar results were obtained when using a lysis buffer containing NP-40 as the sole detergent (data not shown). Comparing the signals from total input and immunoprecipitated fractions, it can be estimated that less than 5% of the input FLAG-CIITA coimmunoprecipitated. Since interactions between CIITA molecules with like tags should also occur, less than 15% of the total cellular CIITA would be self-associating in this system. FIG. 1. Detection of CIITA self-association using a cellular expression system. (A) FLAG-tagged CIITA coimmunoprecipitates with myctagged CIITA in a COS-7 cell expression system. COS-7 cells were cotransfected with pcDNA3 expression vectors encoding the full-length CIITA cDNA (clone 8, amino acids 1 to 1130) with N-terminal FLAG or myc epitope tags. The middle panel shows the results for immunoprecipitation (IP) with anti-myc 9E10 or anti-Xpress as an IgG1 negative control, followed by immunoblotting (IB) with anti-FLAG M5 antibody. The stress-activated protein kinase, p38, served as an irrelevant FLAG-tagged protein control. Expression of FLAG-tagged proteins was verified by performing an anti-FLAG M5 Western blot using 2% of the RIPA lysate (top panel). Expression and immunoprecipitation of the myc-CIITA was confirmed in the bottom panel. Detection of the light chain from the monoclonal antibodies is designated with an "LC." (B) CIITA self-associates in HeLa cells. Expression and detection of CIITA self-association is performed using the same procedure as in panel A, with immunoprecipitation using anti-FLAG M2-conjugated agarose beads. Expression levels of FLAG-CIITA for the COS-7 and HeLa experiments are shown in the bottom panel. (C) CIITA fails to self-associate when using an in vitro translation system. FLAG-tagged CIITA was cotranslated with an Xpress-tagged CIITA. [ 35 S]methionine-labeled in vitro-translated proteins were incubated with anti-Xpress antibody in the absence or presence of COS-7 cell lysate and immunoprecipitated with goat anti-mouse Dynabeads. No immunoprecipitation was detected for FLAG-CIITA (lanes 2 and 2Ј) or a C-terminal deletion mutant FLAG-C2 1-612 (lanes 3 and 3Ј), which was shown to coimmunoprecipitate using the COS-7 expression system (see Fig. 3B ). The FLAG-tagged deletion mutant was included because of its obvious size difference from full-length Xpress-CIITA, since full-length FLAG-CIITA and Xpress-CIITA were difficult to distinguish.
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To rule out the possibility that the expression of large quantities of CIITA might lead to nonspecific association, we repeated the experiment in HeLa cells. These cells do not harbor the simian virus 40 large-T antigen; thus, they do not amplify the pcDNA3 expression vector. In this experiment, CIITA was immunoprecipitated with anti-FLAG antibody. Myc-tagged CIITA coimmunoprecipitated in HeLa cells (Fig. 1B, lane 2) . In three experiments, the level of CIITA expression in HeLa was approximately 1/10 that of COS-7. The transfection efficiency was monitored using green fluorescent protein cotransfection and was equivalent for both cell types (52% for HeLa, 60% for COS-7).
In contrast to the results obtained from the cell expression systems, in vitro-translated Xpress-tagged CIITA failed to coprecipitate FLAG-tagged CIITA. Full-length FLAG-CIITA was cotranslated with Xpress-tagged CIITA in the presence of [ 35 S]methionine. The former has a slightly faster migration pattern than the latter (compare the top bands in Fig. 1C , lanes 1 and 3 which, respectively, represent FLAG-CIITA and Xpress-CIITA). When an anti-Xpress antibody was used for the immunoprecipitation, the slightly smaller FLAG-CIITA failed to coprecipitate. To better distinguish the two differentially tagged molecules, we used a FLAG-CIITA molecule that is significantly smaller and easily distinguishable from the fulllength Xpress-CIITA (Fig. 1C , lane 3 [FLAG-C2 1-612]) but readily self-associates in vivo (see Fig. 3B ). FLAG-C2 1-612 also did not coprecipitate with Xpress-CIITA. In a previous study, we showed that similarly prepared CIITA coprecipitates NF-YB, NF-YC, and RFX5 (65); thus, in an in vitro translation extract, CIITA, interacts with other proteins but not with itself. The failure to interact could not be rescued by the presence of COS-7 cell lysate (lanes 2Ј and 3Ј), suggesting that the simple presence of a bridging or adapter protein was not the factor resulting in the lack of precipitation. This suggests at least two possibilities: (i) that CIITA undergoes a modification inside cells that promotes self-association and/or (ii) that an adapter molecule, if it exists, has to associate with CIITA in cells. The detection of CIITA self-association exclusively in intact cells prompted us to perform all of the following studies in transfected cells.
Mapping the self-association domains of CIITA. In order to characterize the domains involved in the self-association events of CIITA, we proceeded with the COS-7 cell expression system. For an initial mapping of peptide sequences required for the observed self-association, a series of FLAG-tagged N-terminal deletion mutants were employed. These mutants were coexpressed with myc-tagged full-length CIITA to examine regions required for association. Figure 2A depicts the sequences that are removed in these deletion mutants. Surprisingly, the FLAG-C2 mutants 336-1130, 700-1130, 886-1130, and 939-1130 all interacted with full-length CIITA (Fig. 2B , see lanes 3 through 6). These results provide evidence that the last 192 amino acids of CIITA contain sequences involved in the self-association. This region of CIITA contains six potential LRR, and the data are consistent with the global hypothesis that these repeat structures are frequently involved in mediating protein interactions (34) .
We applied a similar strategy using C-terminal FLAGtagged deletion mutants to further delineate the self-association sequences. These constructs are shown in Fig. 3A . Dele- , and the proline (P)-, serine (S)-, and threonine (T)-rich regions. Exon 8 encodes the CIITA peptide sequence from amino acids 336 to 886, and this region is shaded in gray. GTP-binding motifs are indicated at their respective positions by G1 (phosphate binding, amino acids 420 to 427), G3 (Mg 2ϩ coordination, amino acids 461 to 464), and G4 (guanine specificity, amino acids 558 to 561). The LRR are located at the extreme C terminus of CIITA (amino acids 957 to 1127). (B) Full-length myc-tagged CIITA was cotransfected into COS-7 with a series of FLAG-tagged N-terminal deletion mutants. An anti-FLAG M5 Western blot on 2% of the RIPA lysate validated expression of the FLAG-tagged deletion constructs. The middle panel shows an anti-FLAG M5 immunoblot after immunoprecipitation (IP) with the anti-myc 9E10 antibody. Heavy chain from the monoclonal anti-myc antibody was detected by the goat anti-mouse secondary antibody and is noted by "HC." The results were repeated in three experiments using RIPA buffer.
tions of CIITA sequence up to amino acid 612 retained the ability to interact with the full-length myc-tagged CIITA (Fig.  3B) . Further deletions beyond the phosphate-binding motif of the GTP-binding domain (G1, amino acids 421 to 428) resulted in two deletion mutants, 1-401 and 1-335, that did not associate with full-length CIITA (Fig. 3B, lanes 3 and 4) . An additional deletion mutant, 1-421, was also never observed to bind to full-length CIITA, although the expression level was consistently low and hence the construct was not included in this experiment (data not shown).
The initial interaction mapping with the N-and C-terminal deletions indicates that the amino-terminal sequence of CIITA, which includes the acidic domain, the proline-, serine-, and threonine-rich regions, and the sequences up to the phosphate-binding motif, are not sufficient for CIITA self-association. Additionally, these studies identified two domains involved in self-association: residues 401 to 612, containing the GTP-binding domain, and the C-terminal LRR.
Homotypic self-association between residues 336 and 702 of CIITA. The data from the deletion mutant analysis suggest that sequences contained in residues 1 to 612 are potentially involved in self-association (Fig. 3) , while the N-terminal deletion mutant analysis suggests that the extreme C terminus (residues 939 to 1130) contained sequences that are sufficient for self-association (Fig. 2) . Since both of these sets of mutants were tested against full-length CIITA as the associative partner, one explanation is that interactions among multiple domains may occur. To resolve this paradox, the analysis of another nucleotide-binding protein that self-associates provided an interesting model upon which we began to address further mapping of interaction sites. The apoptosis signaling protein, Apaf-1, displays a complex set of interactions that include multimerization of its nucleotide-binding domain (NBD) (55) . Similar events are also observed in the C. elegans Apaf-1 homologue, CED-4 (63). Since it was unclear from the prior experiments how the different regions of CIITA were mediating the in vivo interaction, these regions of CIITA were isolated and tested against each other.
In order to determine whether the GTP-binding domain could interact with itself, two sets of experiments were performed. First, the deletion mutants used in Fig. 3 were tagged with the myc epitope and tested against identical FLAGtagged deletion mutants. Deletion mutants FLAG-C2 1-852, 1-793, 1-751, 1-702, 1-650, and 1-612 interacted with the corresponding myc-tagged constructs (Fig. 4A) , indicating that residues 1 to 612 were sufficient for self-interaction. The expression of the 1-612 construct was lower than the other constructs (Fig. 4A, top and bottom panels) . This largely accounts for the lower level of coprecipitated product.
To further determine if the GTP-binding domain could selfassociate, it was isolated from the N-terminal sequences (residues 1 to 335) and tested against itself in a coimmunoprecipitation assay. Residues 336 to 702 of CIITA were tagged with an Xpress epitope and cotransfected with a FLAG-tagged 336-702 expression vector. This region interacted with itself (Fig.  4B, lane 2) but not with the C-terminal deletion FLAG-C2 1-335 (Fig. 4B, lane 3) , which has been shown to lie outside of the self-associative domain (Fig. 2B and 3B) . The Xpresstagged residues 336 to 702 did not interact with a negative control protein, FLAG-tagged p38 (Fig. 4B, lane 4) . Cotransfection with the empty pcDNA3 vector also did not result in coprecipitation of the FLAG-C2 336-702 protein, demonstrating the specificity of the anti-Xpress antibody (Fig. 4B, lane 1) . Similar findings have been noted in HeLa cells (data not shown).
A second mode of CIITA self-association involves the Cterminal sequences from residues 700 to 1130. An internal deletion within CIITA was constructed deleting residues 336 to 699. This fuses the sequence from residues 700 to 1130 to the N-terminal domain of CIITA. Residues 1 to 335 were included since these allowed better detection of the C-terminal sequences and did not appear to be involved in any self-association. FLAG-and myc-tagged versions of this construct were cotransfected into cells. Figure 4C shows that these two coprecipitated with each other (Fig. 4C, lane 2) , whereas there was no interaction with residues 1 to 335 (Fig. 4C, lane 3) . This indicates that residues 700 to 1130 may also mediate homotypic self-association. The LRR sequences in 939-1130 interact with residues 336 to 702. In addition to homotypic association of the Apaf-1 NBD, heterotypic domain association is observed between the C-terminal WD-40 repeats and the NBD (27) . This prompted us to assay for an association between the GTP-binding domain and the LRR region of CIITA. FLAG-C2 939-1130 coprecipitated with the Xpress-tagged 336-702 CIITA sequences, indicating heterotypic association (Fig. 5B, lane 2) . Therefore, although CIITA contains LRR as opposed to WD-40 repeats, the complex self-interactions that Apaf-1 displays are mirrored in the interactions detected thus far with CIITA.
Interactions of mutant LRR with the GTP-binding domain of CIITA. To explore the functional significance of the LRR in CIITA, a series of mutations were generated using the crystal structure of the LRR-containing protein, Rna1p as a model (25) . Leucines within the putative alpha-helical region of the repeat were changed to proline and alanine at residues 1007, 1035, 1064, and 1092 of wild-type CIITA (Fig. 5A ). Mutation to proline would be predicted to disrupt the helical component of the repeat, whereas the alanine substitutions should be much less disruptive to the helical structure. When these mutant LRR were tested for their ability to interact with the GTP-binding domain of CIITA, the L1035P mutation consistently showed significantly less interaction compared to the wild type (Fig. 5B, compare lanes 2 and 4) . Interaction with the L1064P mutation was also consistently reduced (compare Fig.  5B , top panel, lanes 2 and 5, for the expression level, and the second panel, same lanes for the degree of self-association). Interactions with the two flanking LRR were studied using the L1007P and L1092P mutations; these have little effect on selfassociation. None of the alanine substitution mutants reduce self-association. These results suggest that the two central LRR are involved in association with the GTP-binding domain. The difference between the proline and alanine substitutions at residues 1035 and 1064 suggests that the helical sequences of these LRR are involved in association.
The effect of the leucine-to-proline mutations on self-association of full-length CIITA was also examined. In contrast to the results seen when we tested the heterotypic interactions between the isolated LRR and GTP-binding domains, none of the leucine-to-proline mutants had a detectable effect on intermolecular self-association when tested within the context of full-length CIITA (Fig. 5C, likely explanation for our inability to detect associative differences between these mutants is that the homotypic interaction occurring between the GTP-binding domains of the two different CIITA molecules can still take place. This homotypic association is likely sufficient to maintain the intermolecular interaction.
To explore the significance of the LRR mutations on the transactivating function of CIITA, these mutants were tested for the capacity to activate an MHC class II promoter. In HeLa cells, all LRR mutants severely abrogated transactivation, with the exception of L1035A (Fig. 5D) . Similar results were seen when using the COS-7 and G3A cell lines (J. A. Harton, unpublished results). These results indicate that all the leucine residues are critical for function, yet only two, L1035 and L1064, show a demonstrable effect on the heterotypic association shown in Fig. 5B . The results with L1035 are interesting in that the L1035P mutation affects both association (Fig. 5B) and function (Fig. 5D) , whereas the L1035A mutation has no effect in both assays. This correlation of association and function provides support, but not proof, for the contention that association is linked to function. The difference between the proline and alanine mutations of L1035 indicates that conservation of helical structure is important. The role of the other leucines in this heterotypic interaction is unclear at this point. They may have a role in self-association that our approach fails to detect, or they may be critical to other mechanisms not revealed in this study.
Mutations in the GTP-binding domain decrease self-association. Given the ability of the isolated GTP-binding domain to self-associate (Fig. 4B) , we tested whether mutating crucial residues in the GTP-binding domain of full-length CIITA affects intermolecular association. Previously, we have identified sequences corresponding to the G1, G3, and G4 GTP-binding motifs in CIITA (13) . CIITA constructs bearing mutations in each of these three motifs are named GTP1⌬, GTP2⌬, and GTP3⌬, respectively (also see the Fig. 6, legend) . These mutants display reduced transactivation function and GTP-binding capacity (23) . To determine if these mutants display reduced self-association, we initially cotransfected wild-type CIITA together with each of these GTP⌬ mutants. Although in selected experiments a small decrease in self-association was observed, these results were not reproducible (data not . The proline mutants were tested seven times, and alanine mutants were tested four times. (C) Full-length LRR leucine-to-proline mutations do not interfere with CIITA self-association. LRR mutations were produced in the context of full-length FLAG-and myc-CIITA and assayed for their capacity to self-associate using the conditions described in Fig. 1. (D) Effect of LRR mutations on CIITA transactivation function. Full-length leucine-to-proline and leucine-to-alanine mutants were tested for their ability to activate a DRA promoter luciferase reporter in HeLa cells. Luciferase activity is reported as percent activation relative to wild-type CIITA.
shown). In contrast, when the myc-and FLAG-tagged CIITA used in the coprecipitation assay both bear mutations in the GTP-binding region, the effect on association was reproducible. GTP1⌬, GTP2⌬, and GTP3⌬ mutants were cotransfected in COS-7 cells. Most noteworthy, the GTP2⌬ and GTP3⌬ mutants displayed reduced self-association (Fig. 6, lanes 4 and  5) . The self-association observed between GTP1⌬ mutant molecules was similar to that for wild-type CIITA (Fig. 6, lane 3) . Interestingly, the reduction observed for self-association parallels the reduction in transactivation potential of these mutants (see the percent relative transactivation values at the bottom of the figure) that we have previously described (13, 23) . This strongly suggests that the GTP-binding domain is important in self-association and further shows a correlation between self-association and transactivating function.
DISCUSSION
Transcriptional activation involves highly specific interactions among different components of the basal transcription complex, site-specific DNA-binding proteins, coactivators, and chromatin modifiers. Dimerization or multimerization provides an extra layer of regulation and complexity that can allow for multiple signaling outcomes (32) . In this study, we provide evidence for a complex set of molecular interactions displayed by the transcriptional coactivator, CIITA. These interactions involve the region comprising residues 336 to 702 and the C terminus of CIITA. The former encompasses the GTP-binding domain and displays the capability for interactions both with itself and with the C-terminal LRR. The data demonstrate a complex pattern of association between distinct domains of CIITA and imply that CIITA occurs as a dimer if not a multimer. Our findings allow for the existence of several binding configurations (Fig. 7A) . The simplest of these is a "hairpin" like monomer (Fig. 7A, diagram I) , which would result from intramolecular association of the GTP-binding domain with FIG. 6 . Mutations within the GTP-binding domain reduce CIITA self-association Expression vectors encoding FLAG-and myc-tagged versions of identical GTP-binding domain mutants were cotransfected into COS-7 cells and tested for association. The consensus GTP-binding motifs are depicted in Fig. 2 . GTP1⌬ is a three-amino-acid deletion in the G1 box (phosphate binding, ⌬419-421). GTP2⌬ is a four-aminoacid deletion in the G3 box (Mg 2ϩ coordination, ⌬461-464), and GTP3⌬ is a four-amino-acid deletion in the G4 box (guanine specificity, ⌬558-561). Previously published percent relative transactivation data (13) as measured by a chloramphenicol acetyltransferase assay of each of the mutants are listed below the line at the bottom of the panel. the LRR. However, because our mapping experiments assay only for intermolecular interaction of two differentially tagged CIITA proteins, we can only infer that the intramolecular interaction may take place: The other hypothetical configurations all involve a form of intermolecular interaction (Fig. 7A , diagrams II to IV).
The initial motivation for these studies was to investigate the trans-dominant-negative function of CIITA mutants (12) . One potential mechanism that could explain the results is that dominant-negative mutants could interact directly with wild-type CIITA and block transactivation. Such self-association is shown in this report. In light of the present data, it is possible that the lack of either domain alters the proper balance of self-association to result in the suppression of CIITA function. It is also noteworthy that both the LRR and GTP-binding domains have a role in nuclear translocation (15, 22, 23) . It is possible that mutations in these regions cause the protein to assume different configurations, or different associative properties, leading to an effect on import function.
One important observation that arises from these studies is the similarity of these interactions with those that have been described for two other proteins that self-associate, i.e., Apaf-1 and Nod1 (28, 55) . Apaf-1 initiates an apoptotic cascade in the presence of cytochrome c and dATP (37) . It contains an Nterminal caspase recruitment domain (CARD), an NBD that binds dATP, and C-terminal WD-40 repeats. The NBD of Apaf-1 self-associates (55, 63) , and the resultant oligomerization is thought to induce the proximity of procaspase-9 molecules, resulting in cleavage and activation. The C-terminal WD-40 repeats of Apaf-1 interact with the NBD and regulate the activity of Apaf-1 (2, 27, 55) . CIITA demonstrates a similar complex pattern of association, although it is unclear what regulates the self-association of CIITA. Based on our data, it is likely that the binding of GTP may represent such a regulatory step. This is supported by the finding that reductions in selfassociation observed with GTP-binding domain mutants correlates directly with reductions in their transactivation potential. One caveat is that the disruption of the phosphate-binding motif, G1, did not significantly influence the ability of CIITA to self-associate, while this same mutation is known to decrease GTP-binding and transactivation function (23) . Thus, we also have to entertain the most conservative interpretation that it is the integrity of the GTP-binding domain that is important for self-association and not the binding of GTP.
The second domain of CIITA that is involved in self-association lies in the C-terminal end, which contains a series of LRR (8) . Comparison of the LRR from diverse sources yields the consensus sequence LXXLXLXX(N/C)XL(X) 7 L(X) 3 L, although some variation from this consensus can be tolerated as seen in the structure of Rna1p (25) . Allowing for such variation, CIITA contains six potential repeats. LRR adopt a horseshoe-like structure composed of alternating beta-sheets and alpha-helices with the beta-sheets lining the interior face and the helices facing outward (33, 34) . This motif can be found in a variety of proteins and is thought to be involved in mediating protein-protein interactions (8, 35) . This global hypothesis is supported by our results, which show interaction of the LRR with the GTP-binding domain of CIITA.
The results in Fig. 5 indicate that only one of the LRR mutations, L1035P, significantly disrupts binding to the GTPbinding domain, while the L1064P mutation has a lesser effect. The mutation of 1035 is most interesting because, while a proline substitution caused the loss of transactivation function and self-associative properties, an alanine substitution at this site affected neither. This suggests that the helical structure of these repeats, which is most affected by a proline substitution, is actually more significant than an invariant leucine at that site. Aside from these two mutations, mutations of the other LRR motifs produced little effect on self-association, but most caused a dramatic reduction of transactivation activity. The basis for the lack of correlation between self-association and transactivation function may be complicated by other molecular events that require an intact LRR domain. For example, two mutants that self-associate but lack transactivation function, L1007P and L1092P, are exclusively found in the cytoplasm (J. A. Harton et al., unpublished data). Therefore, failure to localize to the nucleus can explain the lack of function observed for these mutants. It is also possible that sequences in addition to the LRR are important for self-association. Along this vein, we have noted that while residues 700 to 1130 exhibit strong homotypic association (Fig. 4C) , homotypic associations between residues 939 and 1130 are very weak (data not shown). Finally, we have to consider the possibility that the LRR domain is not only involved in self-association but may also interact with other proteins. Consistent with this hypothesis, the association of CIITA with a 33-kDa protein has been shown to be sensitive to LRR mutagenesis (22) .
One crucial question that arises from this study is: why is it necessary for CIITA to self-associate? The answer may lie in recent data which show that CIITA serves as a scaffold for the transcription factors involved in the regulation of MHC class II genes (65) . Multimerization of CIITA may enhance the association of these factors in vivo either with each other or with the DRA promoter. This is similar to the induced proximity models discussed for Apaf-1 and more recently for Nod1 and Nod2 (29, 47, 62, 63) . In contrast to the apoptosis signaling proteins mentioned above, CIITA does not have a caspase recruitment domain at the N terminus. Instead, the N terminus of CIITA contains a transcriptional activation domain that binds to a number of transcription factors (18, 19, 31, 36, 39) . Several factors with enzymatic activity bind in this region, including the acetyltransferase activities of CBP (also called p300) and PCAF (19, 36, 53, 54) and the RNA polymerase II CTD phosphorylation activity of P-TEFb (31). Therefore, it is possible that CIITA could function as a chaperone to induce the proximity of these enzymatic activities at MHC class II promoters.
Although CIITA and Apaf-1 do not display significant primary sequence homology, CIITA has been shown to be similar in sequence to the other apoptotis signaling proteins, Nod1 (also known as CARD4) (4, 28) and Nod2 (47) . Sequence similarity with CIITA is strongest in the nucleotide-binding domain and in the C-terminal LRR region. Using a BLAST search of the GenBank database, we have found several other proteins that display similarity to CIITA. These proteins share similarity within their NBDs and are large proteins (typically Ͼ1,000 amino acids in length) with LRR at their C termini (Fig. 7B) . DEFCAP contains an N-terminal pyrin domain and a C-terminal CARD domain and appears to be yet another NBD-LRR protein capable of signaling apoptosis (26) . MA-TER is an ooplasm-specific maternal effect gene required for embryonic development beyond the two-cell stage (59) (60) (61) , and its mode of action is ill defined. Finally, some plant disease resistance proteins, such as RPM1, share the NBD-LRR domain arrangement (3, 7, 8) . Nod1 and Nod2 have recently been shown to be involved in responses to bacterial products, most notably lipopolysaccharide (30) . A thought-provoking possibility in comparing CIITA, Nod1 and -2, and RPM1 is that plants and animals may have adopted a similar molecular strategy to fend off infections.
In summary, this study provides evidence that CIITA selfassociates and that this interaction involves the GTP-binding domain and the C terminus, which includes the LRR. The mode of self-association is reminiscent of other NBD-LRR proteins, such as Nod1 and Apaf-1. CIITA is the first example of a transcriptional coactivator that belongs to this group of proteins. It is likely that the mechanisms that mediate selfassociation among these distinct proteins are similar; however, distinct biological functions are activated depending on the "effector" domain that lies at the N termini. In the case of CIITA, the N terminus contains a classical activation domain, and thus gene transcription is activated. This study has broad implications in the understanding of this emerging family of proteins. Additionally, these findings have specific implications regarding how the biological and molecular function of CIITA is regulated.
